Context: Muscle force must be normalized for between-subjects comparisons of strength to be valid. The most effective method for normalizing muscle strength has not, however, been systematically evaluated. Objective: To evaluate the effects of normalizing muscle strength using a spectrum of anthropometric parameters. Design: Cross-sectional. Setting: Laboratory. Participants: 50 uninjured highschool-age baseball pitchers. Interventions: Shoulder-rotation strength was tested at 0° and 90° abduction with a handheld dynamometer. Muscle force was normalized to parameters including subject height, weight, height × weight, body-mass index (BMI), forearm length, and forearm length × height. Outcome Measures: Statistical analysis included evaluating the coefficient of variation, skewness, and kurtosis of the nonnormalized and normalized muscle force. The most effective normalization method was determined based on the scaling factor that yielded the lowest variability for the data set and promoted the most normal distribution of the data set. Results: Using body weight to scale muscle force was the most effective anthropometric parameter for normalizing strength values based on the group of statistical measures of variability. BMI, height × weight, and forearm length × weight as scaling factors also yielded less variable values for muscle strength compared with nonnormalized strength, but less consistently than body weight. Height and forearm length were least effective in reducing the variability of the data set relative to nonnormalized muscle force. Conclusion: This study provides objective support for scaling muscle strength to subject body weight. This approach to normalizing muscle strength uses methods readily accessible to clinicians and researchers and may facilitate the identification of differences in strength between individuals with diverse physical characteristics.
into the effects of an injury, progress made subsequent to treatment intervention, and readiness for return to preinjury activities. When an individual has sustained an arm or leg injury, a bilateral comparison of muscle strength is often performed to determine the presence or magnitude of muscle weakness. A side-to-side strength comparison is not, however, appropriate in all instances. There may be a history of injury to the contralateral limb that continues to affect muscle strength, or an individual may have sustained bilateral injuries. Alternatively, participation in a work or sporting activity may require the individual to reach a strength criterion. In these instances it is more appropriate to compare and interpret an individual's muscle strength relative to normative group data.
The baseball pitcher is an excellent model for illustrating challenges in musclestrength interpretation. The rotator-cuff complex has been identified as playing a key role in dynamically stabilizing the glenohumeral joint during pitching. 3 Furthermore, weakness of this musculature has been suggested to increase a baseball athlete's risk of injury. [4] [5] [6] Nonetheless, repetitive overhead pitching can induce adaptations in muscle strength of shoulder internal rotators (IR) [6] [7] [8] [9] [10] and external rotators (ER) 10, 11 of the throwing limb compared with the nonthrowing limb in an uninjured athlete. Consequently, a rehabilitation goal of restoring symmetrical shoulder strength for the injured baseball pitcher may not adequately prepare the athlete for the sport's demands.
Evaluating a pitcher's strength relative to his uninjured peers would complement side-to-side comparisons and calculation of strength ratios, thus facilitating identification of any strength deficits that may be present. Currently, one of the most common clinical techniques for evaluating shoulder strength in baseball pitchers is calculating the ratio of peak isometric external-to internal-rotation muscle force or torque. Ellenbecker and Davies 6 suggested that an ER:IR ratio of 66% be considered normal for uninjured subjects on both the dominant and nondominant limbs. In baseball pitchers, deviation from this ratio may occur secondary to selective muscle development of the internal rotators without a concomitant increase in external-rotator strength. Although this technique for evaluating muscle strength provides valuable insight to shoulder-muscle performance, an accurate assessment of strength with this calculation method is not possible because multiple numeric combinations may yield the same ratio.
Valid comparisons of muscle strength between individuals necessitate data normalization. Body size is a well-recognized factor affecting strength 12, 13 ; muscle mass and lever-arm length positively affect the ability to generate a force or torque. Simply, a taller or heavier individual is usually stronger than a shorter and lighter person. 1 Consequently, muscle strength may be scaled to anthropometric characteristics including weight, height, body-mass index (BMI), limb length, or a combination of these parameters to permit between-subjects comparisons. There is no agreement, however, regarding which parameter to use for scaling muscle strength. 14 Ideally a scaling factor would promote a normal distribution, and reduce the variability, of a data set. This would facilitate clinicians' and clinical researchers' ability to identify differences in strength that may otherwise be masked by heterogeneous or nonuniform data.
The purpose of this study was to evaluate the effects of normalizing muscle strength using a spectrum of anthropometric parameters including height, weight, height × weight, BMI, forearm length, and forearm length × height. The most effective normalization method was determined based on the scaling factor that yielded the lowest variability for the data set and promoted the most normal distribution of the data set.
Methods

Participants
Fifty male high school baseball pitchers participated in the study. The average age for the group was 16 years (range [14] [15] [16] [17] [18] , with an average of 7 years (range 2-11) experience as a pitcher. Anthropometric characteristic including height, weight, and forearm length were recorded for data normalization (Table 1 ). Subjects were not excluded from study participation if they had a history of upper extremity injury. However, all subjects were required to be uninjured and participating in unrestricted baseball activities at the time of testing and for a minimum of 2 years before study participation. The absence of upper extremity injury was confirmed by a musculoskeletal examination conducted by either an orthopedic surgeon or a board-certified sports physical therapist. Subject consent and parental assent were obtained before testing was initiated. The research protocol was approved by the Mayo Clinic institutional review board.
Procedures
Testing was performed onsite at the players' respective baseball fields. This was to accommodate their academic and athletic schedules and facilitate study participation of a large sample. All subjects performed a 5-to10-minute warm-up consisting of stretching, jogging, and short-toss activities before strength testing was initiated. Forearm length was measured from the lateral epicondyle to the most distal aspect of the ulnar styloid process using a tape measure. 15 The measurement was performed with the arm by the side, elbow flexed to 90°, and forearm in neutral rotation. Isometric muscle force of the dominant limb, defined as the subject's throwing arm, was assessed with a handheld dynamometer (MicroFet2, Hoggan Health Industries, West Jordan, UT). 16 The validity and reliability of upper extremity strength assessment with handheld dynamometers have been established. [17] [18] [19] The measurement range of the unit was 0 to 660 N, with a manufacturer-reported mechanical accuracy of 99%.
Testing order was standardized and included internal and external rotation at 0° and 90° abduction. Two maximum-effort practice trials were performed for each arm position before testing was initiated, which consisted of 2 "break" tests with a 30-second rest between trials. Trials were limited to 5 seconds in length when the subject's strength could not be "broken." All strength tests were conducted by a single examiner. Between-days intrarater reliability (3,2) testing yielded ICC values ranging from .889 to .975. Trial-to-trial variability for measures obtained during the study was <7 N. During testing subjects were seated with their hips, knees, and ankles in 90° flexion and trunk unsupported. They were free to stabilize themselves by grasping the table with the nontesting arm. A variety of shoulder and trunk positions have been described for isometric strength testing. 20, 21 We elected to place subjects in the seated position because we believed this would be a better reflection of functional muscle performance than a supine or prone testing position. The humerus was stabilized against the trunk during strength tests conducted at 0° abduction. An assistant supported the humerus during testing at 90° abduction. The arm was in a modified neutral position (45° of internal rotation) for shoulder rotation and the elbow flexed to 90° during all tests. These arm positions were chosen based on previous studies that have evaluated muscle activity and variability during strength testing. 20, 22 During testing the dynamometer was positioned just proximal to the ulnar styloid process. During external-rotation strength testing placement was on the dorsal surface of the arm, and it was on the volar surface of the arm during internal-rotation testing.
Statistical Analysis
The peak values for the 2 trials were averaged and the average was used for analysis. 21 Descriptive statistics and measures of variability were calculated for the variables of interest. The coefficient of variation was calculated to evaluate the variability of muscle force for each normalization method. The D'Agostino-Pearson value, which is based on skewness and kurtosis, was also calculated to assess the impact of scaling factors on the distribution (ie, a more normal distribution is equated with lower variability) of the data set.
Results
Body weight and BMI were the most consistent normalization methods for reducing the variability of strength values. In 3 out of the 4 strength tests the effect on the coefficient of variation was much less when strength was scaled to weight rather than BMI. For external rotation at 0° abduction the coefficient of variation was lowest when muscle force was normalized to height × weight, followed by weight and BMI. At 90° abduction the coefficient of variation was lowest when externalrotation muscle force was normalized to forearm length × weight, followed by BMI and weight (Table 2 ). For internal rotation at both 0° and 90° abduction the coefficient of variation was lowest when muscle force was normalized to weight. After weight, the coefficient of variation was lowest when muscle force was normalized to forearm length × weight, height × weight, and BMI at 0° and BMI and forearm length when the arm was in 90° abduction (Table 2) . No scaling factor consistently improved the normality of the data set for all strength tests. For external rotation at 0° abduction, normality was greatest when weight was used as a scaling factor, followed by height × weight and forearm length ( Table 2 ). For external-rotation strength tested at 90° abduction, none of the scaling factors resulted in a normal distribution of the data set-all D'Agostino-Pearson values were ≤.003 (Table 2) . Forearm length was the most effective scaling factor for internal rotation tested at 0° abduction, followed by height, weight, and BMI.
Height × weight and forearm length × weight were the least effective scaling factors for promoting normality in distribution in this position (Table 2) . When internal rotation was tested at 90° abduction, normality was greatest when strength was normalized to BMI, followed by forearm length × weight, height × weight, and weight. Forearm length and height were the least effective scaling factors for promoting normal distribution for internal rotation tested in this arm position (Table 2) .
Discussion
A spectrum of anthropometric parameters was evaluated for their effect on normalizing muscle strength. Using body weight to scale muscle force was the most effective anthropometric parameter for normalizing strength values based on a collective group of statistical measures of variability. It should be noted that using subjects' weight as a scaling factor did not yield the greatest reduction in variability for all statistical measures, nor for all strength tests. BMI, height × weight, and forearm length × weight as scaling factors also yielded less variable values for muscle strength compared with nonnormalized strength. The effects of these scaling factors, however, were less consistent and had less impact on reducing data variability than weight. The scaling factors that were least effective in reducing the variability of the data set were those that included only length measurements (ie, height and forearm length). Strength is strongly related to lean-muscle physiological cross-sectional area. 23 A common misconception is that individuals with relatively greater weight have more muscle mass and are capable of generating greater muscle force than individuals who weigh less. 1, 14, 24 This is one rationale to explain why previous investigators have elected to normalize muscle strength relative to weight. 24 An increase in weight, however, does not necessarily directly correlate with an increase in fat-free muscle mass. 24 Furthermore, muscle strength measured with a dynamometer at a fixed distance from the joint center is the result of both lean-muscle cross-sectional area and lever-arm length. 12 The limited effectiveness of height and forearm length in reducing data variability was not surprising, because no proxy of muscle mass was included with these scaling factors. It was unexpected, however, that scaling factors that captured both weight and length were not more effective than weight alone in reducing data variability. It is possible that our methods of measuring functional forearm length (tape measure) and height (stadiometer) were not precise enough to capture the true effect of segment lengths on strength normalization. Measurement of the point of application of the dynamometer on the forearm is another potential source of error. These measurement techniques are, however, likely to be employed by both clinicians and researchers. Consequently, the results from this study have applicability in real-world conditions.
We distinguished the effects of anthropometric scaling factors using the coefficient of variation and the D'Agostino-Pearson value. The most effective scaling factor was the one that produced the lowest variability and most normal distribution of the data. This is critical to investigators performing statistical analysis of mean strength for different subject groups. Reducing the variability in muscle strength is equally important to clinicians. Ballistic movements in sports, such as the pitching motion, may result in injury in the presence of muscle weakness as a consequence of inadequate dynamic joint stability. 25 Comparing a baseball pitcher's shoulder strength with that of a group of his uninjured peers would provide valuable information regarding potential injury risk and preparedness for return to play after an injury. The coefficient of variation is a measure of relative variation of a measurement and is independent of measurement units. 26 A data set with a low coefficient of variation can therefore help identify subtle differences in strength. The D'Agostino-Pearson value was evaluated secondary to the impact of data distribution on measures of central tendency. Although the mean is the most stable measure of central tendency, a data set that is not normally distributed will affect this value. The quantitative value of each data point affects the mean and can be biased by extreme values. Thus, a data set with normal skewness and kurtosis, as indicated with the D'Agostino-Pearson value, will produce a mean value that is a more accurate reflection of the group. 26 Our sample consisted of uninjured, high-school-age baseball pitchers. This resulted in a homogeneous group of subjects relative to age and activity level. In addition, all subjects were male. The intention was not to identify the most effective scaling factor for normalizing strength within a narrow percentage of the population. Rather, the characteristics of our study sample allowed us to emphasize the relationship between body size and strength while eliminating or minimizing gender, age, and activity level as confounding factors. It has been suggested, though, that as the range of size for individuals increases, the relationship between strength and body size is likely to increase. 12, 27 A study sample consisting of individuals with similar body dimensions, therefore, is a potential limitation. The range of heights (1.6-2.0 m, or 62.9-78.7 in) and weights (59.0-95.3 kg, or 130-210 lb) for subjects in this study was, however, reasonably large. Future studies that confirm the effects of different scaling factors on normalized muscle strength among different populations are necessary. Until then, the results of this study may serve as rationale for normalizing strength to subject body weight regardless of subject characteristics.
This investigation evaluated the effect of normalizing muscle strength with an array of anthropometric characteristics using a linear-ratio calculation method. Defined as the measurement of the size and proportions of the human body, anthropometric measurements are easily obtained in the clinical setting. Modeling normalized muscle strength as a linear relationship to a given anthropometric parameter, however, has been criticized as being used merely as a consequence of its simplicity and the lack of alternative normalization methods. 28 Jaric et al 12 advised against modeling strength linearly to body dimensions, stating that muscle-force production should not be a consequence of body dimensions but rather muscle cross-sectional area. Consistent with this proposal, Klein et al 29 stated that calculating strength relative to muscle cross-sectional area was the gold standard for normalization of fusiform muscle groups. To obtain individualized muscle crosssectional area, however, would require diagnostic imaging (eg, MRI, ultrasound, CT) for each muscle group of interest. Consequently, reporting strength relative to muscle cross-sectional area is not a viable option for the overwhelming majority of health care and research professionals.
An alternative approach for normalizing strength is allometric scaling. This technique is based on the concept of geometric similarity, which assumes that all humans have the same shape and differ only in size. 13, 30 Strength normalization with allometric scaling uses the following equation: Strength normalized = strength raw / body parameter allometric scaling factor . This equation models strength as proportionally, not linearly, related to body dimensions. Dividing strength by the body parameter raised to an appropriate power has been proposed as an effective technique to negate the effects of body-size variability. 24, 31 Wren and Engsberg 28 evaluated lower extremity muscle strength when peak torque was normalized relative to mass, height, and BMI using both linear and allometric scaling equations. Based on the results of linear-regression analyses, they reported that traditional mass normalization (ie, a linear-ratio model) did not effectively adjust for the influence of body mass. Rather, allometric scaling performed using torque/mass raised to the power 1.6 for the hip and knee, and to the power 1.4 for the ankle, yielded the most appropriate strength normalization. The primary limitation associated with allometric normalization is selecting the value of the scaling exponent, which depends on many factors including the body parameter (eg, height, weight), 1 whether strength was recorded as a force or torque, 1 and the amount of the subject's adipose tissue. 24 Given the range of scaling factors, values, and variables influencing the value of the scaling factor, allometric scaling has not been integrated into clinical settings as an accepted strength-normalization technique.
A major study limitation was the use of a handheld dynamometer and a "break" test to assess maximum muscle force. Not all subjects "broke" during testing. In these instances maximum muscle force was not precise. There are additional factors that may have contributed to the inconsistency in the effects of scaling factors on normalized muscle strength. We made every effort to ensure that subjects were performing a maximum-effort contraction, including the performance of multiple warm-up trials and providing adequate rest between test trials. In addition, trialto-trial variability (<7 N) was low, suggesting that subjects were consistent in their muscle-force production. If subjects had not been performing a maximum voluntary isometric contraction or were not fully activating the muscle group of interest, that may have affected the relationship between strength and body dimension. As previously addressed, imprecise measurement of segment length or body height or dynamometer placement may have also been a contributing factor to the inconsistent effectiveness of scaling factors. We did, however, use methods that are readily available in the clinic and could not perform more precise measurements because our testing was done at the playing fields. Finally, arm positioning may have affected the lever-arm (or moment-arm) length and subjects' force production. The magnitude of a moment is equal to the magnitude of the force times perpendicular distance to the point of interest (in this case the shoulder joint) and the line of action of the force. When testing shoulder-rotation strength with the elbow flexed to 90°, the lever arm is the horizontal distance from point-of-force application on the distal forearm to the center of the shoulder joint. When testing shoulder rotational strength at 0° of abduction, the assumption is that the humerus is aligned vertically with the shoulder joint, resulting in a lever-arm length equal to forearm length. However, this is not true if the arm is in slight flexion or extension. The same is true when testing rotational strength at 90° abduction. If the humerus is not in alignment with the center of the shoulder joint, the lever arm is no longer equal to the length of the forearm. Thus, it is possible that errors in arm positioning may have been alleviated by positioning and stabilizing subjects using a mechanical dynamometer in a laboratory setting.
